A tissue digestion assay using a double separatory funnel procedure for the detection of Trichinella larvae in horse meat was validated for application in food safety programs and trade. The assay consisted of a pepsin-HCI digestion step to release larvae from muscle tissue and two sequential sedimentation steps in separatory funnels to recover and concentrate larvae for detection with a stereomicroscope. With defined critical control points, the assay was conducted within a quality assurance system compliant with International Organization for Standardization-International Electrotechnical Commission (ISOIIEC) 17025 guidelines. Samples used in the validation were obtained from horses experimentally infected with Trichinella spiralis to obtain a range of muscle larvae densities. One-, 5-, and 10-g samples of infected tissue were combined with 99, 95, and 90 g, respectively, of known negative horse tissue to create a 100-g sample for testing. Samples of 5 and 10 g were more likely to be positive than were I-g samples when larval densities were less than three larvae per gram (lpg). This difference is important because ingested meat with 1 lpg is considered the threshold for clinical disease in humans. Using a 5-g sample size, all samples containing 1.3 to 2 lpg were detected, and 60 to 100% of samples with infected horse meat containing 0.1 to 0.7 lpg were detected. In this study, the double separatory funnel digestion assay was efficient and reliable for its intended use in food safety and trade. This procedure is the only digestion assay for Trichinella in horse meat that has been validated as consistent and effective at critical levels of sensitivity.
Trichinella spp. are intracellular parasitic nematodes with direct life cycles and a broad range of hosts, including humans. The adult worms usually survive less than 1 month in the small intestine, but they reproduce rapidly and shed live larvae into the circulatory system. These larvae subsequently localize in striated muscle tissue throughout the body, either in intramuscular capsules or as free larvae. The parasites are transferred to new hosts by the consumption of raw or undercooked infected meat. Eight species and three related genotypes of Trichinella are currently recognized: T. spiralis (genotype Ti), T. 
nativa (T2), T. britovi (T3), T. pseudospiralis (T4), T. murrelli (T5), T. nelsoni (T7), T. papuae (110)
, and T. zimbabwensis (111), and genotypes T6, T8, and T9 (13) . Mammalian carnivores and omnivores are the usual hosts of Trichinella spp., although all mammals are susceptible. T. pseudospiralis can infect birds, and T. papuae and I zimbabwensis have been found in reptiles (13) .
Meat inspection and processing regulations developed to prevent human trichinellosis were originally designed for pork, when Trichinella was considered a monospecific genus that posed a risk only to consumers of pork. These regulations may no longer be adequate for controlling several of the newly recognized species and genotypes with differing characteristics such as freeze tolerance, host range, geographic distribution, and absence of capsules. Multiple outbreaks of trichinellosis in humans in recent years, including a large number of infections resulting from the consumption of infected horsemeat (1) , have pointed to a need for more reliable testing to ensure that meat of domestic animals and wildlife is safe for human consumption and global trade. Properly validated tests for detecting different species of Trichinella are required to meet this need, but to date only a few digestion tests have been adequately validated for use on meat of specific host species (swine, walrus, and horse) (3, 11) . Recommendations of the International Commission on Trichinellosis and the World Organization for Animal Health for the detection of Trichinella larvae in the carcasses of food animals include the use of validated digestion assays conducted in accordance with internationally accepted quality assurance guidelines (International Organization for Standardization-International Electrotechnjcal Commission [ISO/IEC] 17025 (7, 12) ). The most recent European Union (EU) legislation on testing procedures to qualify meat for trade allows the use of four different digestion assays, although adequate comparative data are not available to demonstrate that these assays (3) (4) (5) (6) . A digestion assay that involves a magnetic stirrer in an incubation chamber for digestion and a double separatory funnel (DSF) procedure to recover and concentrate larvae from digest fluid was developed to meet stringent quality assurance needs and industry requirements for testing in abattoir laboratories with high sample throughput (3). The DSF digestion method was incorporated into a diagnostic system that included a quality assurance program with a manual and associated documentation, technical training, proficiency samples, and external audits (3) (4) (5) (6) . The DSF digestion assay for pork was developed, optimized, and validated with a variety of tissues from experimentally infected pigs, and this procedure was modified for horse meat using spiked proficiency samples digested in a tongue tissue matrix (3) . The purpose of the study described herein was to provide comprehensive validation data for the CFIA DSF digestion method for the detection of T. spiralis larvae in horse meat by testing infected tissues from experimentally infected horses.
MATERIALS AND METHODS
Animals. Three groups of four horses each were orally inoculated with 1,000, 5,000, or 10,000 T. spiralis muscle larvae (Beltsville strain, propagated by serial passage in female SpragueDawley rats). The horses were assembled, maintained, inoculated, and euthanized as previously described (9) .
Sample collection from horses. The horses were slaughtered at 3 months postinoculation. Samples collected from each carcass included the right and left masseter muscles, the entire tongue, and 800 to 2,000 g of diaphragm, supraspinatus, trapezius, brachiocephalic, triceps brachii, rectus abdominus, psoas, and semitendinosis muscles.
Sample processing and selection for the DSF digestion method validation study. Muscle samples from the horses were processed as previously described (9) . Excess fat and connective tissue were removed, samples were ground and mixed individually, and 10 g of ground tongue and 100 g each of the other ground tissues were individually digested. The recovered larvae were used to determine the approximate larval density (number of larvae per gram of muscle [lpg]) for each tissue. Tissues harboring 0.1 to 6.7 lpg were retained. Tissues with higher numbers of larvae or no larvae were not considered useful for assessing the digestion assay and were discarded. All tissues selected were vacuum packed and stored at 4°C for up to 63 days before analysis. A subset of these samples consisting of tongue, diaphragm, masseter, supraspinatus, and trapezius muscles was selected for the validation study based on known predilection sites (8) and availability of tissues across the 0.1-to 6.7-lpg range. Each muscle type had tissues with low (<1 lpg), medium (1 to 3 lpg), and high (>3 to <7 lpg) larval densities. Three sample sizes (1, 5, and 10 g) were digested (n = 20 each) for every density-muscle combination, except for tongue. Table 2 summarizes the study design.
Negative tissue matrix. Muscle tissues collected from horses at commercial slaughter were ground as previously described and confirmed as Trichinella negative by testing multiple 100-g samples. These tissues then were used as the negative matrix tissue for this study. Thus, 1, 5, or 10 g of infected muscle sample from the experimental horses was mixed with 99, 95, or 90 g of negative muscle tissue, respectively, to provide 100-g samples for digestion. Tongue, masseter, and diaphragm muscles from the infected horses were combined with the respective muscles from the negative horses. A mixture of shoulder muscles from the negative horses provided the negative matrix for infected supraspinatus and trapezius muscle samples.
DSF digestion method.
The DSF digestion assay as used by the CFIA was performed as previously described (3). The key features are listed in Table 1 . The digestion phase was visually assessed for the presence of undigested material and terminated at 30 min if digestion was complete. If digestion was not complete, the process was continued for up to 60 mm. Any undigested material remaining on the sieve after filtration of the digestion fluid was collected, weighed, compressed between two glass plates (compressorium for meat inspection, Hauptner and Herberholz, Solingen, Germany) as previously described (2), and examined with a stereomicroscope at X20 to confirm that no larvae had been trapped on the sieve. Samples that remained too cloudy for accurate microscopic examination after passing through the final separatory funnel were clarified as previously described (3).
Data analysis. The number of larvae per gram of each tissue was rounded to the nearest 0.1, and tissue samples were grouped into categories at l-lpg increments based on the larvae per gram of tissue estimates from the preliminary digests. Five categories were used for analysis: 0 to 1, 1.1 to 2, 3.1 to 4, 4.1 to 5, and >5 lpg. No tissues were available in the 2.1-to 3-lpg category.
Logistic regression was used to evaluate the effect of factors on the result (positive or negative) of the digest. Variables considered were the type of tissue, the larval density of the tissue, and the weight of the sample digested. Variables were not retained in the model if they were not significant or did not contribute significantly to the model. Interaction effects were assessed for those variables retained in the final multivariate model. Fisher's exact chi-square test was used to evaluate the significance of different proportions of positive tests where necessary. To control for multiple tests performed, a Bonferroni correction was applied to adjust the P value at which a significant difference was detected (significant where P < [0.051k comparisons]).
RESULTS

DSF digestion method (1-, 5-, and 10-g samples).
Detailed validation data for the DSF digestion method are presented in Table 3 . The effect of tissue larval density and sample weight on the identification of positive samples is summarized in Table 4 . All 1-, 5-, and 10-g samples containing >3 lpg (3.9, 4.4, 4.7, 6. 1, and 6.7 lpg) were positive with this digest method except for a single 1-g sample of tongue (initially screened at 4.4 lpg) and a single l-g sample of trapezius (initially screened at 4.7 lpg). The effect of the size of the tissue sample digested on the outcome of the test was evaluated for tissue sample sets where the larval concentration determined by initial screening was less than 2.0 lpg. Factors contributing to positive results for the 1-, 5-, and lO-g DSF digests retained in the final logistic regression model were the tissue weight digested and the larval load of the tissue (lpg). No interaction effects were present. Overall, there was no significant difference in the number of positive samples detected for the 5-and lO-g digests. However, 5-g digests (P < 0.001) and 10-g digests (P < 0.001) were more likely to be positive than l-g digests when results from all tissue samples were included. Assumptions for logistic regression models were met, and model diagnostics suggested that the model was a good fit for predicting outcome. Chi-square tests were used to evaluate the proportion of positive tests at individual larval densities. For the first two categories (0 to 1 and 1.1 to 2 lpg), 5-and 10-g digests were significantly more likely to detect positive samples than the l-g digests (P < 0.001 for all four comparisons).
Digestion times and number of sediment clarification steps for various tissues.
Sample digestion times and number of sediment clarification steps are listed in Table 5 . None of the tongue muscle samples were completely digested after 30 mm, whereas 76, 94, 97, and 100% of diaphragm, masseter, supraspinatus, and trapezius muscle samples, respectively, were digested by this time. At 45 mm, tissue was completely digested in 88, 97, 97, and 100% of diaphragm, masseter, supraspinatus, and trapezius muscle samples, respectively, but in only 7% of tongue tissue samples. The remaining tongue samples (92%) required 60 min for digestion. Sediment clarification steps were re- Undigested tissue. Less than 0.5 g of undigested material was trapped on the sieve after filtration of the digest solution, and this material did not contain muscle tissue or larvae. digested by 45 min as opposed to 97% (175 of 180 samples), 88% (159 of 180 samples), 97% (175 of 180 samples), and 100% (180 of 180 samples) of the masseter, diaphragm, supraspinatus, and trapezius muscle samples, respectively (Table 5 ). In the previous study, the tongue tissue matrix was trimmed from the extrinsic lingual muscles at the base of the tongue and contained minimal amounts of fat and connective tissue and no epithelial and associated fibrous tissue from the dorsum of the tongue. The tongue matrix for the present study was selected to better represent field samples. Although the epithelium was removed from the dorsum of the tongue, the remaining matrix contained fat and connective tissue associated with the intrinsic musculature from the body of the tongue. These samples usually had particulate matter in the digest solution at 45 mm, and the digest time was extended to ensure that all muscle fibers were digested. The particulate matter remaining on the sieve after filtration of the digest solution after 60 mm of digestion weighed less than 0.5 g (0.5% of the starting sample) and did not contain muscle tissue or larvae. Our criteria for assessing completion of digestion was 10 times as stringent as that in the EU reference method, which allows 5% of the weight of the starting sample (2), and twice as stringent as that used in a previous study (1.0% based on 0.2 g remaining from a 20-g starting sample), in which horse tongue took up to 90 min to digest (10). Our digests were routinely complete by 60 mm. The tissue:digest fluid ratio (1:30 for our study and 1:25 for the previous work) and variation in the amount of epithelium and connective tissue in the tongue samples probably accounted for these differences. Results of both studies were in agreement that tongues take longer to digest than other tissues. The official CFIA DSF digestion protocol allows up to 30 min of additional digestion time for samples with incomplete digestion at 45 mm. Based on the validation data in this study, this protocol is adequate and effective. In 7% of the total samples, the fine particulate matter that passed through the 180-jim-pore-size filter was not removed during subsequent sedimentation steps and was present in sufficient amounts to impede visual examination of the counting plate for larvae. In these cases, one or more clarification steps were required. Clarification steps were required more frequently for the tongue and masseter samples (16%) than for the other tissues (3%) ( Table 5 ) probably because of the large amount of connective tissue in these muscles. Additional time spent trimming connective tissue from these samples before testing would reduce digestion times and decrease or eliminate the need for additional clarification steps.
DISCUSSION
Comparison of DSF and SSF digestion methods. A direct comparison of the DSF and SSF methods using paired samples was not possible in this study. However, a previous study on horse meat used the SSF method with 1-, 5-, and 10-g samples to test tissues containing similar numbers of larvae (8) . The DSF method was more sensitive than the SSF method for 1-and 5-g samples containing low numbers of larvae (0.1 to 2.9 lpg); both methods had similar results when samples contained ^2:3 lpg. The DSF method was developed to improve digestion test performance and quality control and is based on the EU reference (SSF) method (2) . Modifications included (i) identification and monitoring of critical control points, (ii) equipment and protocol changes to reduce technical error, (iii) compatibility with internationally recognized standards of quality assurance, and (iv) suitability for high-volume testing (3) . The key elements of the DSF and SSF are compared in Table  1 , and some important differences are discussed below.
The DSF digestion method involves 50% more digestion fluid per lOO-g digest (3 versus 2 liters) and higher concentrations of both pepsin and HC1 than those within the SSF digestion method. A larger digestion volume and increased concentration of reagents were used to improve the release of larvae from muscle tissue and to minimize undigested tissue in the digest fluid before filtering and sedimentation.
With the DSF digestion method, an incubator was used to consistently maintain the required temperature for the digestion process after the CFAP determined that industry laboratories did not consistently maintain the required digestion temperature when hotplate stirrers were used.
The surface area of the sieve used with the DSF digestion method is approximately three times that of the sieve used with the SSF digestion method. This large sieve allows the digestion mixture to spread over a larger area during the filtration step and reduces the opportunity for larvae to become trapped in a layer of undigested material on the sieve surface. The 4-liter separatory funnel used with the DSF procedure allows for a more complete rinse of the sieve, because 1 liter of empty volume remains in the 4-liter separatory funnel for rinse purposes after the addition of the 3 liters of digestion fluid. In comparison, the SSF digestion method sieves 2 liters of digestion fluid into a 2-liter separatory funnel, leaving very little volume to accommodate rinse water. This design limits rinsing and increases the possibility of larvae becoming trapped in undigested particulate matter on the sieve.
With the SSF digestion method, a 50-ml centrifuge tube is used to collect 40 ml of sediment from the 2-liter separatory funnel. This step requires a high degree of manual dexterity, and improper execution of this step could result in loss of larvae. The separatory funnel stopcock must be opened fully to prevent larvae from being trapped on the lip of the stopcock drain hole and then closed fully and quickly to prevent overfilling of the tube and spillage. High flow velocity can result in fluid splashing out of the tube. Poor technique at this stage of the procedure can cause loss of larvae. Larvae present in the 50-ml tube are allowed to settle, 30 ml of supernatant is aspirated, and the remaining fluid and sediment is poured into a petri dish for microscopic examination. Improper aspiration and failure to properly rinse the centrifuge tube are two additional stages at which technical error can result in loss of larvae. The DSF digestion method is designed to eliminate loss of larvae during these steps by using a smaller (500-ml) separatory funnel to collect sediment from the primary (4-liter) separatory funnel. Because 125 ml of digest fluid sediment is collected, there is sufficient time to fully open and close the stopcock from the 4-liter separatory funnel, and any splash back is contained in the 500-ml separatory funnel. The final sediment is released directly from the 500-ml separatory funnel into a petri dish for microscopic examination, eliminating aspiration, pouring, and rinsing errors. Use of the 500-ml separatory funnel also provides the advantage of a clarification step to yield almost clear fluid in which larvae are easily detected.
Two other potential sources of error in both the DSF and SSF digestion methods are failure to observe critical control points in the protocol and variability in microscope quality. Before conducting the assays in this study, the technicians working with the DSF digestion method were trained and certified in accordance with the CFAP quality assurance system based on ISO/IEC 17025 guidelines. Quality stereomicroscopes were purchased specifically for use in this assay.
The data presented here complete the validation of the DSF digestion method for the detection of Trichinella larvae in horse meat and confirm that this assay is adequate for its intended uses, which are to identify horse meat with larval loads capable of causing disease in humans and to meet requirements for trade. In digests of 100 g of horse meat containing 5 g of infected tissue, this assay detected 100% of samples containing 1.3 to 2 lpg and 60 to 95% of samples containing 0.1 to 0.7 lpg. The DSF digestion method offers technical and quality assurance advantages over other methods and is the only validated digestion assay for Trichinella that is consistent and effective at critical levels of sensitivity.
